With increasing array size, it is increasingly important to control stray radiation inside the detector chips themselves. We demonstrate this effect with focal plane arrays of absorber coupled Lumped Element microwave Kinetic Inductance Detectors (LEKIDs) and lens-antenna coupled distributed quarter wavelength Microwave Kinetic Inductance Detectors (MKIDs). In these arrays the response from a point source at the pixel position is at a similar level to the stray response integrated over the entire chip area. For the antenna coupled arrays, we show that this effect can be suppressed by incorporating an on-chip stray light absorber. A similar method should be possible with the LEKID array, especially when they are lens coupled.
INTRODUCTION
Large ultra-sensitive detector arrays are needed for present and future observatories for far infra-red, submillimeter wave (THz), and millimeter wave astronomy. Example applications include wide field cameras such as NIKA2, 1 in development projects such as A-MKID 2 and MUSCAT 3 and future requirements of large CMB experiments. 4 Since detector substrates are transparent, and given that no detector has 100 % optical efficiency it is clear that some radiation will be scattered and confined in the detector chip, due to its high refractive index, which will then lead to a stray light path. We demonstrate this effect with focal plane arrays of Lumped Element microwave Kinetic Inductance Detectors (LEKIDs 5 ) and lens-antenna coupled 6 Microwave Kinetic Inductance Detectors (MKIDs 7 ). Presented here are near field measurements of the MKID optical response versus the position on the array of a reimaged optical source. In these arrays the response from a point source at the pixel position is at a similar level to the stray response integrated over the entire chip area. For the antenna coupled arrays, we have shown 6 that this effect can be suppressed by a factor > 10 by incorporating an on-chip stray light absorber.
ARRAYS UNDER TEST
We present here results on three arrays: one classic LEKID 5 array which is compared to lens antenna arrays with and without an on chip stray light absorber. 
LEKID array
The lumped element kinetic inductance detector (LEKID 5 ) array is fabricated from aluminum on silicon substrate. Each pixel is made of a lumped element interdigitated capacitor and a meander inductor, where radiation is directly absorbed in the inductor. The inductor design uses a dual polarization third order Hilbert fractal design, 1 shown in Fig. 1 and of size 1.28×1.28 mm. The smallest feature size is 4 µ m, and the film thickness is ∼ 30 nm. The array is front illuminated, with the backside coated in aluminum to act as a backshort. The substrate thickness is near 3λ/4 at 350 GHz. A larger bandwidth can be gained with a λ/4 backshort, but for ease of handling the thicker value is taken with the consequence of lowering the average in band optical efficiency. The capacitor is varied for each pixel, varying the resonance frequency from 1.9-3.5 GHz. A CPW throughline passes by each pixel, coupling via the distance to the LEKID capacitive coupler. The throughline is balanced by placing Al wiring bonds over it, and around each pixel a continuous ground plane "screen" is present. The pixel encoding ensures that nearest neighbors in readout frequency are not physical neighbors. These strategies ensure low pixel-pixel crosstalk compared to that seen in some LEKID arrays:
8 crosstalk is now limited to overlapping resonators. The full pixel footprint, including meander, capacitor, screen and throughline is 1.46 mm ×1.69 mm. The array has 625 pixels, square packed connected to a single feedline. The pixels cover 38 mm ×40.6 mm of a 55 mm ×55 mm chip. We should note, this array qualitatively similar to those developed for NIKA and NIKA2, 1 except optimized for 350 GHz operation.
Lens-antenna coupled MKIDs
We compare the LEKID results to previously published results 6 on hybrid NbTiN-Aluminum lens-antenna coupled MKIDs, which are presented in detail in previous papers.
6, 9, 10 To summarize we describe the detector geometery used in this work: each detector consists of a meandering coplanar waveguide (CPW) with an open end near a readout line and a shorted end at the location of the antenna. Radiation is focused by an elliptical lens onto a twinslot antenna, 11, 12 which couples the radiation into the MKID CPW line. The radiation is absorbed in the first ∼1.5 mm section of the MKID, which is narrow with the central line of the CPW made out of 55 nm thick sputter deposited aluminum (linewidth = 1.6 µm, gapwidth = 2.2 µm) to enhance the device response and optical efficiency. The rest of the MKID and ground plane is made out of a 500 nm thick sputtered film of NbTiN, which is a wide section with a central line width = 14 µm and a central line to ground plane gapwidth = 24 µm. Here, additionally a protective SiN layer is removed prior to the NbTiN deposition. Both of these are done to reduce excess device noise due to two level systems associated with the amorphous SiN.
13 Radiation coupled to the antenna is transferred to the narrow NbTiN-Al CPW line of the MKID and absorbed only in the aluminum central strip of the MKID: the gap frequency of NbTiN does not allow for radiation absorption below 1.1 THz whereas aluminum absorbs radiation for frequencies in excess of 90 GHz. Additionally the higher gap of NbTiN confines the optically generated quasiparticles in the Al section, further boosting optical response. The antenna is optimized for single mode single polarization radiation coupling in a 60 GHz band around 350 GHz.
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The antenna efficiently couples to the lens, coupling 82% of the power of the detector beam pattern. However, the MKID itself will weakly couple to stray radiation in the substrate: due to the meander shape this will be in both polarizations.
The two lens-antenna arrays we consider in this paper both consist of 880 pixels hexagonally packed with a pixel spacing of 2 mm, covering an area of 55.7 mm×56 mm on a 62 mm×60.8 mm chip. Across the array, the MKID length L is changed systematically from 6.6 to 3.5 mm, resulting in F 0 ranging from 4.2 to 7.8 GHz on a single readout line. We use aluminum bridges with lithographically-defined polyimide supports to balance the two grounds of the readout line. Additionally, we spatially encode the pixels such that neighboring pixels are separated sufficiently in readout frequency. Both techniques reduce MKID-MKID crosstalk. 15 Residual crosstalk is now limited by resonator overlap, [16] [17] [18] limited in our case by the NbTiN film uniformity 19 and the MKID Qfactors under operation. Efficient radiation coupling to the MKID antennas is achieved by using a Si lens array of spherical lenses fabricated using laser ablation from a separate Si wafer. The lens array and chip are mounted together using a dedicated alignment and bonding technique where the lens array and chip are pressed together using a silicone-based press system before a semi-permanent bond is made using Locktite 406 glue. This method guarantees a glue gap below 5 µm over the entire chip area. Alignment is achieved by markers in the SiN layer on the detector chip backside that were etched in the first step of the device fabrication. The large area of the chip requires the lens array and the detector chip to be made from the same material to guarantee reliable bonding during thermal cycling of the detector assembly. The detector chip is mounted in a dedicated holder and wire bonding is used to contact the two bond pads to standard SMA co-axial connectors.
The second lens-antenna array is equipped with a stray radiation absorbing layer, on the backside of the detector chip, fabricated from a sputtered 40 nm thick Ta layer. The Ta grows in its β-phase, 20 characterized by a high resistivity and low critical temperature. 21 For our film we measure a sheet resistance R s = 61 Ω/ and T c = 0.65 K; it is noteworthy that this observed sheet resistance gives the maximum radiation absorption for a metal layer in between two Si substrates (i.e. the lens array and the chip). The gap frequency of the Ta layer is approximately 50 GHz, such that it is superconducting at the read out frequency and resistive at 350 GHz with a resistivity very close to the normal state resistance. Using a parametric sweep, the mesh design is optimized for maximum radiation absorption upto large angles for both the TE and TM mode at 350 GHz and for maximum transmission at the MKID readout frequency of 4-8 GHz. The transparency from 4-8 GHz is needed because the mesh is only 350 µm distance from the MKIDs and therefore close enough to couple to the device. Without this the MKID will be sensitive to power absorbed in the stray light absorbing layer and would additionally have an enhanced coupling to the readout line. To efficiently couple the radiation from the lenses to the antenna, a 1.1 mm diameter hole is etched in the mesh. The mesh is a small perturbation on the beam pattern, reducing the calculated lens-antenna aperture efficiency from 0.75 to 0.74.
ARRAY EFFICIENCY
We define the array efficiency to be the fraction of the total power incident on the array directly absorbed by the pixels. For a multi-moded plane absorber like the LEKID, this is to first order the filling fraction of the absorber multiplied by the optical efficiency of a single absorber over the entire frequency band and opening angles. However, the array efficiency for a single moded detector (such as one using an antenna) is a function of the single pixel optical efficiency and of the spatial sampling:
22 at high sampling you can absorb all the modes falling on the array, while at low sampling you miss these modes and the associated power. For many instruments, spatial undersampling is a convenient design parameter that can be modified to balance system resources while enabling filling of the required field of view:
22 with single moded detectors this gives the previously described deterioration in observing speed; however in multi-moded (LEKID) undersampling gives a deterioration in the on sky angular resolution as the physical size of the absorber is convolved in the final instrument beam. All arrays presented have a similar spatial sampling with pixel sizes of ∼ 1f #λ, f# the f/D ratio of the optics, undersampled by two times from Nyquist sampling. Additionally, the lens-antenna is single polarization sensitive, while the LEKID is dual polarization so giving a factor two in difference in efficiency, since the measurements are from an unpolarized thermal source.
For the LEKID array, the packing efficiency of the radiation absorbing inductor as 0.65. In a separate measurement, the single pixel dual polarization optical efficiency is measured as ∼ 35% from the temperature dependent photon noise from a blackbody source, where this takes the inductor as the pixel size. This is low due to the narrow bandwidth from using a 3/4λ backshort. The total array optical efficiency including packing efficiency is therefore η array | LK = 0.22.
For the lens-antenna array, the beam is calculated to be coupled to the instrument focal plane with an efficiency η loss = 0.44, given by the spatial sampling which controls the beam truncation at the cold stop.
22
Similar pixel designs have verified the beam pattern calculation, showing a high optical efficiency of the full lens-antenna beam of (∼ 74%). 10 The beam is a single mode of optical throughput λ 2 , λ = 0.86 mm, so each beam has a transmitted throughput of η loss λ 2 . The physical individual pixel throughput is AΩ where A the pixel area and Ω the solid angle. For f#2 optics, 2 mm diameter pixel then AΩ = 0.6 mm.str 2 . Therefore with a hexagonal packing efficiency η hex = 0.92, the lens-antenna array efficiency is the ratio of the transmitted single moded throughput to the physical throughput:
We see that the LEKID and lens-antenna arrays have a similar dual polarization array efficiency. These numbers do not include stray light coupling, which will be present in the arrays without a straylight absorber.
SYSTEM BEAM MAP
The arrays were measured individually in a submillimeter wave camera cryostat, with the arrays mounted on a thermal isolation suspension connected to the 240 mK stage of a three stage He 3 /He 3 /He 4 sorption cooler. The two additional cold stages of this three stage cooler are used to thermally buffer the co-axial readout lines and thermal-mechanical suspension holding the detector assembly. The camera optics create an image of the detector array at a warm focal plane outside the cryostat using a seven mirror system with a system magnification of 3. The optical design is based on two back-to-back optical relays, each consisting two off-axis parabolic mirrors forming a Gaussian beam telescope. 23 One of the optical relays is placed at 4 K and the other outside the cryostat. The optical design is based on aberration compensation, 24 canceling the aberrations and cross-polarization of the optics near the optical axis. To improve performance over the entire (large) field of view the mirror shape and angles are optimized, giving a low distortion, diffraction limited performance with a Strehl ratio of greater than 0.97 across the entire field view at 350 GHz and even at 850 GHz. Three fold mirrors are used to minimize the total size of the optics system and give a horizontal beam with a usable warm reimaged focal plane. This rotates the focal plane, which is not corrected for in the presented data. An angular limiting aperture "the pupil" limits the beam to a focal length to beam diameter (f-number or f#) of f#=2 and is placed between the 4 K active mirrors where all the different pixel beams overlap. The optical band is selected with a bandpass filter at 350 GHz with a ∼ 40 GHz bandwidth, while a selection of low pass and IR filters limit the out of band stray radiation.
6
The arrays are read out using an in-house developed multiplexed readout system, 25 which allows 2 GHz of readout bandwidth to be readout. Separate RF cards up and down convert the readout around a central local oscillator (LO) frequency: one card allows between 5 GHz and 7 GHz to be measured; a second card allows 2. . . 4 GHz to be readout. The lens-antenna MKIDs are designed to have resonant frequencies in range 4. . . 8 GHz with a frequency spacing that also scales with frequency. Since the central 50 MHz of the readout is not usable it takes 4 different LO tunings to measure the entire array. The LEKID array is designed to be readout out directly with the 2. . . 4 GHz RF card.
To measure the position-dependent response of the arrays we use a unpolarized hot source placed in the reimaged focal plane and scanned using a xy scanner. The hot source consists of a globar element placed in the focus of an enclosing elliptical mirror. The elliptical mirror produces an image of the source at its second focus, where a ∅2 mm beam-defining aperture is placed. The output of the source is modulated at 80 Hz between 300 K and upto 1000 K by means of a rotating mirror to eliminate MKID 1/f noise and system thermal drifts. The hot source has been previously characterized to have a wide response with an effective spot size smaller than the beamsizes to be measured. To maintain a constant background on the MKIDs and to eliminate reflections, a blackened sheet significantly larger than the reimaged chip size is mounted around the source aperture. The response of the MKID as a function of the source position is measured using a step-and-integrate strategy. The typical step size of the source is chosen to be close to spatial Nyquist sampling (2.5 mm) to enable an efficient sampling of the entire field of view. For each xy point, typically one second of data is recorded. The hot source temperature is adjusted so the maximum signal during the measurement matches the MKID instantaneous dynamic range. This is taken in MKID phase readout 7, 26 as ∼1 rad. with respect to the MKID resonance circle in the complex plane. In post processing, the data is calibrated to an effective frequency shift via the MKID phase signal using the strategy outlined in. 27 This linearizes the signal with respect to the optical power and removes responsivity changes due to drifts in the optical loading. This results in reproducible beams for different source powers, MKID readout tone frequencies and powers. The position-dependent response is determined by applying a flat-top windowed FFT to each second of MKID frequency response and taking the FFT amplitude at the chopper frequency. Since the chopper is not locked it has a slight frequency drift. To correct for this, we modulate a few off-KID readout tones using analogue electronics with the exact chopper frequency. This gives the exact chopper frequency in the measured data, enabling drift correction in post-processing. This was implemented only for the array with absorber. For the arrays without absorber we use the sum of all MKIDs for this purpose: the pedestal response ensures that a signal is present independent of the source position. The position dependent responses is shown: in Fig. 3(a) for the LEKID array; in Fig. 3(b) for the lens-antenna array without absorbing mesh and in Fig. 3(c) for the lens-antenna array with absorbing mesh. In all figures we give the corrected response P c , given by P c = P 2 − P 2 n , where P 2 n is the mean value of the signal with the hot source outside of the field of view of the cryostat optics. The square is needed because the KID noise, readout noise and photon noise contributions all add in P 2 , with P the measured signal.
We observe a localized peak response, the main beam, at the pixel position. However, for the LEKID and lens-antenna array without an on chip absorber we also observe a low-level of response over the entire chip area, which we will refer to as the "pedestal" response in the remainder of the text. The pedestal response consists of power coupled to the chip at a position spatially far away from the measured pixel: it is detected at the pixel under test due to scattering of radiation inside the detector chip. Normalizing the system beam pattern to its maximum response, the pedestal response is seen at a level of ∼ −30 dB. In this particular case the total integrated stray power in the pedestal at −30 dB is similar to the power in the main beam. The pedestal level is source polarization dependent: in a separate measurement a polarized source reduces the pedestal level by ∼ 3 dB. We observe a significant reduction (∼ 10 dB) in the pedestal response for the array with mesh absorber. To make this even clearer we show in Figs To illustrate the difference between arrays we show in Fig. 4 (c) the encircled energy, which is the integral of the beam pattern over a circle centered on the pixel position. Note, the encircled energy is normalized to the simulation (POP) and corrected for small variations in the FWHM between the curves. The FWHM and hence its integral vary between measurements on the order of ∼ 10 % due to the finite source size for hot source measurements, defocus, slight optical misalignments, and slight difference between measurements and simulation. Noting that the main beam response dominates up to a radius of 10 mm, the power inside this radius is used to normalize the encircled energy to the POP beam pattern. The encircled energy shows that without absorber there is almost 1.6 × the response of the array with an absorber, and that this extra power is distributed away from the pixel center.
CONCLUSIONS
In this paper we have shown that large, monolithic arrays of lens antenna MKIDs and LEKIDs can respond to radiation, on a −30 dB level, over the entire chip area. This "pedestal" response is associated with stray radiation scattered inside the dielectric of the array substrate, it is commonly referred to as a surface wave. The integrated response of the pedestal approaches the main beam response. Such a response destroys the imaging properties of the array, particularly for extended sources. Measurements on a LEKID array shows similar pedestal performance to a lens-antenna array. The effect is associated with radiation falling on the array not directly absorbed in the detector, but scattered in the substrate. As such, it should scale with the inverse square of total array optical efficiency: due to a higher direct pixel response which in addition gives less stray power to be absorbed. This problem occurs even when the individual pixel has a high optical efficiency such as when using single moded detectors in a spatial undersampled configuration so reducing the array efficiency, 22 as in the presented lens-antenna arrays.
We have shown 6 for lens-antenna designs that the surface wave can be suppressed effectively by including a matched absorbing layer in between the detector chip and the lens array. The absorbing layer reduces the surface wave by at least 10 dB. For LEKID designs, a solution is less clear, but higher efficiency design than presented should suppress it but not remove it. Note that no array is 100% efficient, for example due to finite filling fraction, while ensuring high efficiency over a wide band and high frequency has its own issues.
1 However, a lens-coupled LEKID design could implement a similar on chip stray light absorber as presented. Horn coupled devices on a transparent substrate are also sensitive to stray coupling via the substrate and so also integrate on chip stray light absorbing layer 28 .
